Transcriptome profiling of osteosarcoma (OS) by next generation sequencing technology (NGS) has been broadly performed by previous researches, which uncovers a large number protein-coding driver genes, facilitates our understanding of the molecular mechanisms of OS formation, progression and metastasis. Recently, more and more researchers realize the importance of long noncoding RNAs (lncRNAs) on the development of OS. However, few studies focus on discovering driver lncRNAs.
Introduction
Osteosarcoma (OS) is the most common primary cancer of bone, which can destroy tissue and weaken the bone, and mostly occurs in childhood and adolescence. The incidence of osteosarcoma in the general population is 1 per million per year, but is higher in adolescence, in which the annual incidence peaks at about 10 per million per year at 15 to 19 years of age. [1, 2] There are several imaging tests for OS diagnosis, such as X-ray, magnetic resonance imaging (MRI), [3] bone scan, and CT. [4] These imaging tests play important roles in diagnosis and characterization, which will help guide osteosarcoma therapy. [5, 6] In most patients, the etiology of OS remains unclear. Risk factors include height, [7] [8] [9] birth weight, [8] and genetic background, [10] pubertal hormones and other factors related to bone growth. [11] The treatment for primary osteosarcoma is surgery. However, the survival of patients with OS treated with only surgery is approximately 15 to 17%. [12, 13] In the early 1970 s, high-dose methotrexate and vincristine followed by folinic acid, was introduced as adjuvant chemotherapy for patients with nonmetastatic disease. [14] Current therapies incorporate surgical resection and combinational chemotherapy, which cures ∼70% of patients. However, survival for patients with metastatic or relapsed osteosarcoma has remained unchanged over the past four decades, with a 5-year overall survival rate of about 20%, [13, 15] suggesting that new therapies are urgently needed for the patients with metastatic or relapsed osteosarcoma.
The latest developments in next generation sequencing (NGS) technologies have profiled mutational spectrums, deregulated expression and epigenetic changes of several cancers by Therapeutically Applicable Research to Generate Effective Treatments (TCGA) studies. [16] Whole genome or exome sequencing of OS have identified some recurrently mutated genes, such as TP53, RB1, CDKN2A, PTEN, and YAP1. [17] Transcriptome sequencing of cancers shows remarkable potential to identify both novel biomarkers and uncharacterized aspects of tumor biology, particularly some long non-coding RNAs. The LncRNAs are transcripts that are unable to translate proteins in the intracellular space. It has been widely accepted that more than 90% of the human genome DNA is thought to be transcribed, while only about 2% of it can encode proteins. The LncRNAs can participate in tumorigenesis or progression by a variety of ways. For instance, TUG1, [18] H19, [19] LINC00161, [20] and Editor: Peng Qi.
LOC285194 [21] can act as miRNA sponges, thereby indirectly regulating the miRNA targets. Moreover, lncRNAs can also directly regulate gene transcription in OS, such as MEG3 [22] and ZEB1-AS1. [23] In the present study, we collected somatic copy number alterations and RNA-seq based gene expression profiles of 84 samples from TARGET project. The RNA-seq based gene expression profiles include more lncRNAs than microarray data, which is more beneficial for us to detect novel driver lncRNAs. To identify driver lncRNAs in OS, integrative analysis of somatic copy number alterations (SCNAs) and gene expression profiles was performed. Pathway enrichment analysis highlighted some candidate driver lncRNAs that may participate in cancer-related pathways. The present study not only facilitated our understanding of the oncogenic or tumor-suppressor role of lncRNAs in OS, but also provided potential prognostic biomarkers and therapies for the patients with OS with metastasis or relapse.
Materials and methods

Data sources and osteosarcoma samples
The SCNA, gene expression data, and clinical information were downloaded from the publicly available website of the National Cancer Institute TARGET Data Matrix (https://ocg.cancer.gov/ programs/target/data-matrix), which deposits multi-omics datasets of some pediatric cancers, such as somatic mutations, SCNA, structural variations (SV), DNA methylation, miRNA expression, and gene expression. The SCNA and gene expression data of OS have been preprocessed and quantified, and could be directly used for downstream analysis. To meet the requirement for data analysis, we only collected 84 osteosarcoma samples with paired SCNA and gene expression data.
Significantly amplified and deleted regions
Before identifying the significantly altered regions, the segment mean of each CNA call was transformed as log2-ratio:
The identification of significantly altered regions was implemented by GISTIC2 on GenePattern server (https://genepattern. broadinstitute.org/gp). Notably, the thresholds for amplifications and deletions were set as 0.4 and -0.4, and other parameters were left as their defaults.
Identification of driver genes by integrative analysis
To evaluate whether expression of these genes was related to CNV, patients were classified into 2 groups according to their CNV status: 1 group is for copy number variated (gain/loss), and the other group for copy number neutral. For each gene, a Wilcoxon rank-sum test was applied to the gene expression levels between copy number variated tumor tissues and copy number neutral tumor tissues. To identify CNV-driven genes, only genes with concordant changes in copy number and gene expression were collected for further analyses.
Pathway enrichment analysis
The enrichment analysis was implemented in fgsea package with pre-rank mode in R programming language. The genes were ranked based on their correlation with each lncRNA. Pathway database was downloaded from MsigDB (http://software.broad institute.org/gsea/index.jsp). We only retained NCI-PID [24] for enrichment analysis.
Cox-regression based survival analysis
The survival analysis based on Cox-regression model was implemented in R with package survival. The comparison of survival curves for high and low expression groups was performed using the G-rho family of tests with survdiff function. Kaplan-Meier curve was used to visualize the survival probability for each group. The hazard ratios and corresponding p-values were calculated by hazard.ratio function in survcomp package.
Results
Landscape of expressed lncRNAs in osteosarcoma
We analyzed the gene expression profiles of 84 osteosarcomas from TARGET project, which included a total of 39,615 genes with ENSEMBL gene annotation (GRCh37.71 version). Following the previous study, [25] 6 biotypes, as well as pseudogenes, were defined as long non-coding RNAs: lincRNA, processed_-transcript, sense_intronic, sense_overlapping, antisense, and 3prime_overlapping_ncrna. In total, 33,214 genes were deemed as expressed genes that have expression (TPM > 1) in at least 1 sample, including 18,868 protein-coding genes, 13,903 lncRNAs, and 443 other ncRNAs (Fig. 1A) . Compared with the protein-coding genes, lncRNAs were expressed at lower levels ( Fig. 1B , Wilcoxon rank-sum test, P-value < 2.2e-16), which is consistent with previous studies.
[ [25] [26] [27] Among the expressed lncRNAs, 157 were previously reported to be associated with cancer based on the annotation from Lnc2Cancer database [28] (Supplementary Table S1 , http://links. lww.com/MD/C788). The top-ten most highly expressed cancer lncRNAs were GAS5, linc-ITGB1, H19, SNHG5, SNHG16, ZFAS1, UFC1, DANCR, CRIP2, and SNHG1 (Fig. 1C) . Particularly, recent studies revealed that ZFAS1, [29] H19, [30] DANCR, [31] and SNHG1 [32] could function as miRNA sponges in osteosarcoma, thereby promoting tumorigenesis or tumor progression. These results indicated that lncRNAs may act as a crucial role in initiation or progression of osteosarcoma.
Significant somatic copy number alterations in patients with osteosarcoma
The significant somatic copy number alterations were identified by GISTIC2 on the GenePattern server. As shown in Figure 2 , several significant SCNAs were detected, such as the amplifications on chromosomes 1q, 4q, 17p, 17q, and 19q, and deletions on 1q, 3q, 9p, 10q, and 15q. In general, some oncogenes and tumor suppressors were located within the amplified and deleted regions, respectively. Some well-recognized driver genes, such as MCL1 (1q21.3), MYC and PVT1 (8q23.21), 19q12 (CCNE1), IGF1R (15q26.3), PDGFRA (4q12), NCOR1 (17p12), JAK1 (1p31.2), TERT (5p15.33), and KDR and KIT (4q12), were frequently amplified in patients with osteosarcoma. Notably, MYC and NCOR1 were regulators in gene transcription, and the other oncogenes like IGFR1, PDGFRA, JAK1, KDR, and KIT were involved in signaling transduction pathways. As expected, tumor suppressors, such as TP53 (17p13.1), RB1 (13q14.2), CDKN2A/CDKN2B (9p21.3), PTEN (10q23.31), and NF1 (17q11.2) were frequently deleted. Particularly, loss of TP53, Luo et 
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, and CDKN2A/CDKN2B may result in uncontrolled cell cycle progression, and loss of PTEN and NF1 may activate PI3K/ AKT/mTOR and Ras signaling. Although some of the significant SCNA regions were characterized by oncogenes or tumor suppressors, most of these regions were still lack of specific cancer driver genes to associate with the disease, giving us a hint that some lncRNAs located within these regions may function as cancer drivers.
Identification of potential driver lncRNAs in osteosarcoma
To explore the genes in the significant SCNAs, we focused on 16,310 genes with at least 10% (9/84) of samples showing copy number changes and having expression (TPM > 1) in the following analyses. To identify the potential driver lncRNAs, we evaluated whether the expression levels of both proteincoding genes and lncRNAs were associated with SCNAs. For each gene, the patients were divided into 2 groups based on the copy number statuses (Methods), and a Wilcoxon rank-sum test was applied to the 2 groups, by which we identified 1162 differentially expressed genes (DEGs) (false discovery rate [FDR] < 0.05 and jlog2 fold changej>1), including 995 protein-coding genes and 167 lncRNAs (Supplementary Table S2 , http://links.lww.com/MD/C789), which may be candidate driver genes in OS. The 995 protein-coding driver genes were overrepresented in driver genes from COSMIC Cancer Gene Census (CGC) database (Fisher test, P-value < .05), indicating that our integrative analysis was effective to detect driver genes. Overrepresentation enrichment analysis revealed that the up- regulated DEGs due to copy number gains were significantly enriched in regions such as 13q34, 17p11.2, 17p13.1, 19q13.11, and 6p21.1, while the down-regulated DEGs due to copy number deletion were mostly located within regions like 13q34, 16q24.3, 17p13.1, 17p12, and 1q32.1 (Fig. 3 , FDR < 0.05). Of the 167 candidate driver lncRNAs, PVT1, [33] and ZFAS1 [29] have been reported to promote osteosarcoma metastasis or invasion. Three antisense RNAs, CBR3-AS1, [34, 35] FOXD2-AS1, [36] and HOXA-AS2, [37] [38] [39] were associated with other cancers by previous studies. For the 3 antisense RNAs and the remaining 162 candidate driver lncRNAs, it is necessary to further investigate molecules or pathways that they may regulate or participate in.
Prediction of dysregulated pathways of candidate driver lncRNAs
To clarify the dysregulated pathways of three antisense RNAs and remaining 162 candidate driver lncRNAs, correlation analysis and gene set enrichment analysis (GSEA) were performed (Methods). Firstly, Song W, et al [40] found that CBR3-AS1 could promote colorectal cancer cell progression by activating PI3K/Akt signaling pathway. The GSEA revealed that highly correlated genes with CBR3-AS1 were enriched in MET signaling pathway (Q-value < 0.05), which could activate multiple signal transduction pathways like PI3K/Akt signaling pathway [35] (Fig. 4A) , and further confirmed the association of CBR3-AS1 with PI3K/Akt signaling pathway in OS. Secondly, FOXD2-AS1 was positively correlated with genes from betacatenin nuclear pathway (Q-value < 0.05), which was consistent with the results that FOXD2-AS1 could promote non-small cell lung cancer progression via Wnt/b-catenin signaling by Rong L, et al [36] (Fig. 4B) . Thirdly, HOXA-AS2 overexpression was found in colorectal cancer [38] and hepatocellular carcinoma, [39] and could promote tumor cell proliferation. Further analysis found that HOXA-AS2 may be involved in mTOR signaling pathway based on GSEA (Fig. 4C , Q-value < 0.05), thereby leading to uncontrolled cell proliferation of OS.
Similarly, the dysregulated pathways of the remaining 162 candidate driver lncRNAs were also predicted, of which, 66 lncRNAs were successfully annotated with 5 most significantly enriched pathways based on GSEA (Q-value < 0.05, Fig. 4D ). Overall, most of these lncRNAs were closely associated with signaling transduction pathways, such as PLK1 signaling, PDGFR-beta signaling, signaling events mediated by c-Met, and ATR signaling, which were frequently activated in multiple cancers. Moreover, highly correlated genes with lncRNAs were also significantly enriched in target genes of proliferation-related transcription factors, such as E2F, MYC, FOXM1, AP-1, and C-MYB, indicating that the candidate driver lncRNAs may be associated with excessive proliferation. In addition, integrins in angiogenesis and HIF1-alpha transcription factor network were also identified, suggesting that some lncRNAs may contribute to angiogenesis, thereby promoting tumor metastasis. In summary, the prediction of dysregulated pathways of the candidate driver lncRNAs revealed that these lncRNAs may participate in several cancer-related pathways, and be closely associated with tumor initiation, progression, or metastasis. 
Clinical significance of expression of driver lncRNAs in osteosarcoma
To determine the clinical significance of expression of driver lncRNAs, we investigated whether their expression levels correlated with event-free survival (EFS) or overall survival (OS). In total, 17 and 11 were identified as EFS-and OS-related driver lncRNAs, respectively (log-rank test, P-value < .05), and 7 of these lncRNAs, including EMG1, AC068831.10, RP11-360D2.2, ASMTL-AS1, AC004019.13, RP11-241F15.10, and CTD-2319I12.1, were associated with both EFS and OS (Table 1) . To validate the associations between lncRNA expression and prognosis, we collected another 17 tumor samples from TARGET, and performed Wilcoxon rank sum test to examine the differential expression of these lncRNAs between samples with and without event, and between dead and alive samples, respectively. In accordance with the results above, RP11-360D2.2 and RP11-241F15.10 were still significantly associated with both EFS and OS (P < .1 and fold change > 1 or < 1/2, Supplementary Table S3, http://links.lww.com/MD/C790), further suggesting their key roles in OS progression. Remarkably, the potential tumor suppressor, RP11-241F15.10, with ENSEMBL identifier ENSG00000250753, was frequently deleted in OS (15/84, 19%), which resulted in significant decrease of its expression (Fig. 5A , FDR < 0.05). Survival analysis demonstrated that it was negatively correlated with both event-free survival ( Fig. 5B , P-value = .0014) and overall survival ( Fig. 5C , P-value = .0013). Moreover, we found that down-regulation of RP11-241F15.10 was associated with activation of components from WNT signaling, such as beta-catenin nuclear pathway, and MYC activity pathway based on GSEA (Fig. 5D-E) . The predicted functionality of RP11-241F15.10 suggested that it is a potential tumor suppressor by inhibiting the activity of nuclear transcription factors, such as TCF7 and LEF1 (Fig. 5F-G) , thereby down-regulating WNT-targets. In summary, dysregulated driver lncRNAs could promote OS metastasis or relapse by activating some cancer-related signaling pathways.
Discussion
The molecular basis of OS about protein-coding genes has largely been studied in the context of tumorigenesis, progression and metastasis. Despite extensive researches about the function of protein-coding genes in OS, the lack of effective biomarkers for OS therapies is still not thoroughly solved. Meanwhile, a majority of long non-coding RNAs are characterized to act as cancer driver RNAs, and understanding their deregulation and The present study aims to uncover the candidate driver lncRNAs, and characterize their functionality. In the cohort of 84 OS, RNA sequencing data detected 13,903 expressed lncRNAs, which was more beneficial for us to carry out this research. The analysis of SCNA data found several recurrently gained or deleted regions, which contained some well-recognized driver genes, such as MCL1, MYC and PVT1, 19q12, IGF1R, PDGFRA, NCOR1, JAK1, TERT, and KDR, KIT, TP53, RB1, CDKN2A/CDKN2B, PTEN, and NF1. However, most of these regions were not characterized by any protein-coding driver genes, giving us a hint that some lncRNAs located within these regions may function as cancer drivers. With the paired SCNA data for the 84 samples, integrative analysis was performed, and successfully identified 995 driver protein-coding genes, and 167 candidate driver lncRNAs. Moreover, the 995 protein-coding driver genes were overrepresented in driver genes from COSMIC CGC database (Fisher test, P-value < .05). The functionalities of candidate driver lncRNAs were subsequently annotated based on GSEA. For the three lncRNAs that were reported to associate with other cancers, the GSEA analysis also provided the evidence about their regulatory roles in OS. Furthermore, most of the candidate driver lncRNAs were predicted to participate in some cancer-related pathways, further illustrating their important roles in OS. In addition, the dysregulated candidate driver lncRNA, Figure 4 . The functional characterization of the candidate driver lncRNAs. The CBR3-AS1, FOXD2-AS1, and HOXA-AS2 were positively correlated with genes from MET pathway (A), beta-catenin nuclear pathway (B), and mTOR signaling pathway (C). The distribution of predicted pathways across the candidate driver lncRNAs. The x-axis represents the number of lncRNAs that were characterized by each pathway. lncRNAs = long non-coding RNAs. Table 1 The summary for the 7 long non-coding RNAs (lcnRNAs) associated with both event-free survival (EFS) and overall survival (OS). RP11-241F15.10, could also be potentially used to predict eventfree survival and overall survival of patients with OS, suggesting that its aberrant expression may promote tumor progression, metastasis, relapse, and even death for patients with OS. However, the present study also has some limitations. For example, as we aim to uncover some potential driver lncRNAs by integrative analysis, molecular experiments are very necessary to further validate their biological function in tumor formation and development.
Hazard ratio
Moreover, independent RNA sequencing datasets of tumor tissues can also be used to validate their clinical significance. In this study, our analyses demonstrated that lncRNAs could function as oncogenic or tumor suppressor RNAs. Although further characterization of their molecular mechanism remains necessary, these lncRNAs may play functionally vital roles in OS formation or progression, and provide some resources for the biological researchers. In summary, our integrative analysis of www.md-journal.com lncRNAs further illustrated the important roles of lncRNAs in OS, and generates novel insight into cancer biology. 
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